In presenting the results of the experiments which follow in this paper the writer will, for the sake of simplicity and proper evaluation of the observations, assume that the reader is familiar with the facts of electric polarity in the Douglas fir which have been presented in previous papers (LUND 1, 2, 3).
In presenting the results of the experiments which follow in this paper the writer will, for the sake of simplicity and proper evaluation of the observations, assume that the reader is familiar with the facts of electric polarity in the Douglas fir which have been presented in previous papers (LUND 1, 2, 3) .
It will be recalled that when electrode contacts are made at the center of the wood and any point on the outer surface in the same cross-section of the tree, the center of the wood is always electropositive (in the external circuit) to the outer surface of the cortex. This is true for all regions of the tree stem below that of the first or second apical internode. Recent observations reported below indicate that the orientation of the radial polarity in the region of the most apical internode is reversed under conditions of absence of injury or stimulation.
Since all or at least the greater part of the radial P. D. is confined to the living parts of the wood-cortex system and since the cambium exhibits a bipolar structure which corresponds to the bipolar radial growth in wood and cortex, we might expect to find that the wood-cortex system including the cambium also exhibits a double electric polarity.
Up to the time of the present experiments and those to be presented in following papers on the effect of temperature, it had not been possible to demonstrate with certainty whether or not the cortex possessed an electric polarity of its own. The difficulty lay in the fact that any process of separation of the cortex from the wood axis involves more or less permanent injury, due to deformation of the cortex and therefore radical change in its electric polarity. This fact is also to be expected from the experiments reported in the preceding paper which pertain to the effect of mechanical stimulation on the electric polarity.
Various incidental observations seem to indicate that the radial E.M.F. per se in the wood is not affected to a noticeable degree by merely removing the cortex. This result might perhaps also be anticipated since no marked deformation of the wood occurs in such a process.
The preceding facts led the writer to devise a procedure by which the existence of the E.M.F. in the cortex could be made evident without injury or at least with a minimum of injury to the cortex.
The principle of summation of electric polarities of cells, which has been fully stated in previous papers, is obviously of fundamental impor-tance. A proof of its validity and a demonstration of its role in electric correlation in the Douglas fir is one of the requirements, without which the writer's conception of the role of electric polarity of the cell in the process of correlation in tissues can not be considered established. The published evidence which appears to be conclusive is found in the experiments by MARSH (7, 8) on the onion root.
In the writer's first paper on the Douglas fir (LUND (1), pp. [10] [11] ) and before we possessed any knowledge of the internal distribution of its correlation currents, it was assumed that the apparent algebraic summation of the external longitudinal E.M.F. 's along the stem was evidence for summation. This conclusion is of course correct provided it can be demonstrated that the origin of most or all of the observed external P.D. is not located at the surface of contact between the water leads of the electrodes and the external surface of the cortex. The experimental requirement was fully met in the experiments by MARSH on the onion root. In the following experiments it will now similarly be shown that the removal of the cortex between the contacts without involving any disturbance of the contacts themselves does produce characteristic and profound modifications of the E.M.F. similar to the results of the experiments by MARSH on the onion root. From these peculiar effects of the cortex on the E.M.F. we shall attempt to deduce in further detail the pattern of the correlation currents in the tree.
Experiments The experiments reported here were carried out on the second and third internodes of the main axis of the tree. Each internode was isolated just before the beginning of the experiment. The lengths of the pieces varied from 50 to 70 cm. and the average diameters varied from 7 to 12 mm. The ratio of the length to the diameter was therefore actually about twice as great as that indicated in the diagrams of figure 1. Similarly in figure   C , the ratio of diameter to length of the internode is very much exaggerated for the purpose of illustration. PROCEDURE I Figure 1 .1, curves, figure 2 In this experiment the third internode from a tree fifteen feet high was isolated and clamped rigidly at each end to a heavy iron stand. Dry cotton pads were wrapped around the jaws of the clamps to prevent mechanical injury to the tissues.
At points 10 cm. from each one of the cut ends of the internode, a ring of cortex 4 cm. wide, was removed. Holes two mm. in diameter were drilled to the center of the wood axis, at points midway between the cut surfaces of the cortex. Into these holes were inserted glass funnels X and Z. The inner openings of the funnels were placed exactly in the center of the wood axis. These funnels were filled with tap water and served as electrode contacts at the center of the wood axis. Cotton strips saturated with tap water were wrapped around the wood axis and dipped into the cups A', A and B, B'. These cups were filled with tap water and two movable Pb-PbCl2 electrodes were hung over the edges of any pair of cups between which a measurement of P.D. was to be made.
In all the work care was taken to prevent excess wetting of the exposed wood axis by the cotton contacts. These contacts and the cups X and Z were rinsed occasionally to maintain symmetry. Flowing contacts gave the same results as contacts which were rinsed occasionally. The duration of one set of measurements by means of the potentiometer was about four to five minutes. The readings were always taken in the same sequence. Successive sets of readings were taken at variable intervals as indicated by the points on the curves in figure 2 .
The following convention for designating the orientation of the electric polarity between the contacts will be followed throughout this and the following papers. The designations XB, AB, etc., on the curves mean respectively that contact X is electropositive in the external circuit to contact B; contact A is electropositive in the external circuit to contact B, etc., whenever the reading of the P.D. is above zero on the ordinate. Whenever the readings of P.D. fall below zero the contact designated by the first letter is electronegative to the contact designated by the second letter.
It will be observed in figure 1 , and in the curves of figure 2 that:
( The first fact to notice is that the sequence in the magnitude of the radial E.M.F.'s of the wood at the four pairs of contacts is ZB' > ZB > XA > XA'. This relation is maintained during the whole period of the experiment and is merely a confirmation of previous measurements on the radial E.M.F. in which it was found that the radial E.M.F. of the wood diminishes as we proceed toward the apex of the tree.
In accordance with these facts we have arbitrarily designated the E.M.F. in the wood at the basal end of the internode in diagram figure 6 by 8 (±) signs and that in the apical end by 6 (±) signs. The significance of these arbitrary numbers will be referred to later.
The B' was located at the contacts then certainly no change in E.M.F. would have been observed by removing the cortex. Since AB and A'B' are practically duplicates and therefore of the nature of controls for each other we can not regard the result as an accident. Furthermore all similar experiments on other internodes yielded the same kind of result. The drop in the curves AB and A'B' when the cortex was removed is in my experience only partially, if at all, ever recovered in such an experiment. The interpretation of this result must be that the origin of the E.M.F. in AB and A'B' is not merely due to a P.D. located at the electrode contacts, but that part of the total E.M.F. originates at loci along the stem between the electrodes. This constitutes important evidence for the validity of the principle of summation of E.M.F.'s in the stem. A permanent drop in the E.M.F. between A and B suggests the conclusion that the cortex is the seat of a permanent E.M.F. which, when the cortex is in position, in some peculiar manner augments (sums with) the longitudinal E.M.F. in the wood axis.
The most striking effect of removal of the cortex is on the E.M.F. between X and B, and Z and A. Note that XB is diminished while ZA is increased. These effects are quite permanent. Since the only difference between XB and ZA is that of an opposite orientation with respect to the polarity of the stem axis, removal of the cortex must produce its opposite effects by virtue of the opposite orientation of the contacts with respect to the longitudinal axis of the stem. This apparently means that the E.M.F. in the cortex, when in situ, opposes the larger E.M.F. of the wood between the contacts ZA and augments (adds to) the E.M.F. of the wood, between the contacts XB.
The experiment reveals the peculiar fact that the cortex is a tissue which determines in part the magnitudes of E.M.F. measured between contacts on the wood. The cortex appears therefore to be the seat of an inherent E.M.F. apart from the inherent E.M.F. in the wood. This fact is what we suspected to be true in previous papers but were not able to prove at that time. The above indirect procedure appears now to yield the answer.
For the sake of clearness and unity of thought we shall present at this time a semi-theoretical formulation of the facts. The following experiments will be used as tests for the validity of our interpretation.
The relative magnitudes of the electric polarities and direction of the resulting internal correlation currents are illustrated in the diagram of figure 6. The facts upon which this diagram is based are:
1. A radial E.M.F. with the orientation indicated by the + and -signs exists between center and surface of the wood axis. 2. The magnitude of this radial E.M.F. is less as the apex of the tree is approached. This is arbitrarily indicated by the numbers 8 and 6, which correspond respectively to the numbers of the + and -signs. For the moment we shall limit discussion to only two regions whose location is given by 6, 5 and 8, 2. 3. It will be shown later that there is a radial E.M.F. in the cortex, which is oriented oppositely to that in the wood, that is, the outer surface of the cortex is electropositive in the external circuit to the inner cambial surface. Furthermore this radial E.M.F. increases toward the apex of the tree. This fact is indicated by the numbers 5 and 2 in the cortex.
Now suppose we apply contacts at a and b, a current would then flow from a to b in the external circuit. This agrees with all actual experimental observations. Under natural conditions this external "return" circuit we will assume to exist in the conducting outer layers of the cortex. The main seat of E.M.F. is assumed to be in the inner young active phloem and cambium layers similar to the observed location of the greater part of the E.M.F. in the outer layers of the wood (LUND 3). The arrows in the cortex indicate the direction of the internal "return" circuits.
Again suppose we lead off from b and d, the direction of the flow of the current in the internal part of the circuit would be inward in the direction of the vertical arrow. This again is in agreement with experiment. Suppose we make contact at points c and d in the central axis, then the diagram shows that we would expect the current to flow in the external circuit from d to c. But now we must remember that since the electrical resistance of the old wood at the center of the tree is very high and the greater part of the E.M.F. designated by the numbers 8 and 6, lies near the surface in the young actively growing wood we would expect to observe a small current, and a small E.M.F. between the central points c and d as measured by the potentiometer. This is just what the experiments in previous papers have shown. The observed magnitude and orientation of the longitudinal E.M.F. in the center of the wood axis depends upon the position of the leads (= inner ends of the glass funnels) in the wood axis. The direction of the arrows at the center indicate the general direction of flow of the correlation current chiefly in that part of the wood having a relatively low electrical resistance.
Suppose we lead off from c and a, experiment shows again that c is electropositive in the external circuit to a, at least in the regions of the second internode and in all internodes below it (cf. later data). Therefore the current in the cortex-wood system in such an observation would flow from a to c just as was observed between b and d. However, if we include the E.M.F.'s in both of the polar regions between a and c, and between b and d in a complete system and connect them by conductors, the direction of the current will be determined by the basal region b-d and not by a-c, because the E.M.F. of b-d is 8-2 = 6 units while the E.M.F of a-c is 6-5 = 1 unit. These two are opposed to one another and the resultant E.M.F. will be the difference or 5 units of E.M.F. in our simplified case. The actual direction of flow of electric current in the region between a and c will therefore be that which is indicated by the arrow and not the opposite (cf. LUND (3), p. 277).
Regions a-c and b-d we speak of as being electrically correlated. In the above very simple case we may say that the E.M.F. of the region b-d determines more or less the direction of flow of electrical energy in the region a-c. In this manner it now becomes obvious that mutual interaction of E.M.F. 's may result in mutual modification of electrochemical processes and therefore mutual modification of other linked metabolic processes in different regions.
I wish to emphasize that the above formulation of the facts is to be thought of as a simplified description of the operation of the internal correlation mechanism. Without such simplification the presentation of the experimental facts becomes difficult and discouragingly indefinite.
Let us now return to the curves of figure 2. The fact that the longitudinal E.M.F.'s A'B' and AB are reduced by removal of the cortex, can now be understood from figure 6 in the following way. Since the inside surface of the cortex at b is more electropositive (=less electronegative) than the inside surface of the cortex at a, obviously this E.M.F. in the cortex when the latter is in its normal position, operates in series with the E.M.F. in the wood. That is, the E.M.F. between any two points in the longitudinal axis of the wood is increased by the presence of the cortex. Removal of the cortex would therefore be expected to result in a decrease in the longitudinal E.M.F. This agrees with the observed result.
The resultant E.M.F. of the cortex when in position, is oriented in the same way as the E.M.F. in the region d in the wood. Removal It appears to be evident from curves ZB', ZB and XA, XA' that the E.M.F. in the cortex does not affect these strictly radial potentials in the wood. In our interpretation of the experimental facts we have attempted to construct a diagram of the relations between the orientation and approximate relative magnitude of the internal correlation potentials in wood and cortex, which will fit the facts. The success to which we have attained will in part be indicated by the experiments which follow. PROCEDURE II Figure 1 .11, curves, figure 3 The arrangement of the experiment indicated by diagram II in figure 1 is essentially the same as that in procedure I, except that another contact Y was added at the center of the wood and the contacts A' and B' were dispensed with.
The curves in figure 3 show that most of the potentials underwent a gradual decrease during the period of the experiment. When the drift (shift in flux equilibrium, cf. LUND (6) ) had become uniform the cortex between A and B was removed. The time of removal is indicated by the vertical arrows.
The curves ZB and XA show again that the radial potentials in the exposed wood are affected little if any by removal of the cortex. Note also that ZB > XA. This is to be expected since the position of ZB is more basal than that of XA.
The E.MI.F. of XB is decreased and that of ZA is increased by removal of the cortex. This result and its interpretation is again the same as that in procedure I above. It will be noted that this increase and decrease of E.M.F. resulting from removal of the cortex occurs in spite of the continual drift of the E..M.F.'s.
The longitudinal E.M.F. AB also drops to a very low value and remains low or absent during the remainder of the experiment. This result is the same as in procedure I.
The Figure 1 .III, curves, figure 4 EFFECT OF KILLING THE BASAL HALF OF TILE INTERNODE BY HEAT.-The second internode from a tree twenty feet high was used. The total length of the internode was 50 cm. The apical and basal diameters of the wood at A and B were 8.5 and 12 mm. respectively. The lengths of the cortex between Y and A, and between Y and B, were 14.5 and 14.0 cm. respectively. The length of each ring of cortex which was removed at A and B was 4 cm. The set up in procedure III was identical with that in procedure II except that the basal half of the internode (stippled) was imniersed in boiling tap water for two minutes. The heated cortex assumed a brown color.
During exposure of the basal half of the internode to the boiling water, the apical half was protected from injury by wrapping it in cloths soaked with cool water. The heated half of the internode was now cooled in running tap water, wiped dry and fixed in position with the contacts. The preparation was left for over an hour, during which several readings of P.D. were taken. Toward the end of this period the P.D.'s became relatively constant.
AWhen this had occurred, the dead cortex on the basal half of the internode was quickly removed. The time of removal is indicated by arrows in figure 4 . A set of measurements was taken and immediately after these readings, the living cortex on the apical half of the internode was also Removal of the living cortex decreases very much (= inverts) the longitudinal wood E.M.F., AB. This is fundamentally the same result as that obtained in all experiments of procedures I and II above. With reference to figure 6, the interpretations of the effects of removal of the living cortex in procedure III are identical with the interpretations given above for procedures I and II, and therefore we shall not repeat them. PROCEDURE IV Figure 1 .IV, curves, figure 5 EFFECT OF KILLING THE APICAL HALF OF THE INTERNODE BY HEAT.-The experimental procedure was the same as that in the previous experiment except that the third internode of the same tree was used, and the apical half of the internode was killed by immersion in boiling water for four minutes. The times of removal of the dead and living cortex are indicated by the vertical arrows on the curves. 1 Any partial critic of the oxidation-reduction theory of the origin of continuous bioelectric currents might obviously consider these facts as support for the common theories of bioelectric currents, according to which bioelectric E.M.F. 's are due to differences in concentration of inorganic ions. In this connection the writer merely wishes to repeat that several. types of electric potentials in all probability enter into various bioelectric phenomena. The problem which concerns us is the identification of the particular kinds of E.M.F. which occur in different electrical phenomena inherent in the living cell. In any case the existence of a P.D. in a dead system is obviously no secure basis for inferences regarding the nature of the E.A.F. 's in the previous living state of that system. figure 4 is diminished by presence of the cortex and increased by its removal. The opposite explanation evidently applies to curve AB in procedure IV because the curve shows that after removal of the living cortex, A is electropositive to B. In this case the orientation of the resultant E.M.F. in the cortex was again opposite to that in the wood, since removal of the living cortex in procedure IV resulted in an increase in the longitudinal E.M.F. of the wood. Since contacts Z and A of procedure III are comparable respectively to contacts X and B of procedure IV, in their relation to dead and living parts of the stem, we should expect that removal of the living cortex would affect both of these E.M.F.'s in the same manner. The same statement applies to curve ZA of figure 5 and curve XB of figure 4 . Both of these expectations are fulfilled as shown by the curves.
Again since the contacts Y and A in procedure III are comparable respectively to contacts Y and B in procedure IV in their relation to dead and living parts, we should perhaps expect that removal of the living cortex would effect both of these E.M.F.'s alike. The curves show that both of these E.M.F. 's are increased. Finally curve YA shows that the E.M.F. of this dead segment is not affected by removal of the dead cortex. This result is the same as that in curve YB of figure 4, procedure III. Discussion INCREASE IN THE RADIAL E.M.F. IN THE CORTEX TOWARD THE APEX The preceding experiments, especially those of procedures I and II, have shown that the effects of removal of the cortex2 lead to the conclusion 2 By cortex is of course meant the living parts without specifying which particular cells are primarily concerned in the electric phenomena. Identification of the particular cells concerned is of course a problem for the future.
that the resultant E.M.F. of the cortex augments the resultant longitudinal E.M.F. of the wood. This leads to the inference that the radial E.M.F. in an apical part of the cortex is relatively greater than that in a more basal part of the cortex, at least under conditions of absence of injury and stimulation. The arbitrary numbers 5 and 2 in figure 6 are intended to indicate this fact.
A B A series of measurements was carried out on the apical ends of lateral branches. The contacts were those designated by GA, GC, GB, GD, GE and GF in figure 1 of the preceding paper (LUND 5). All of these measurements showed that the apical contacts were electropositive to G except F, and GF exhibited only a small E.M.F. This is interpreted to mean that the total radial E.M.F. of the wood plus cortex diminishes toward the apex. This decrease is due to the decrease in diameter of the wood axis toward the apex, because it has been shown that the radial E.M.F. is proportional to the thickness of the peripheral living active part of the wood axis.
The basal-apical oblique E.M.F.'s in apexes are relatively large. The greater part of this E.M.F. must have its origin in the cortex since the orientation of the E.M.F. between these contacts is reversed in the extreme apical regions. In other words the radial and therefore the resultant longitudinal E.M.F. in the cortex of the growing apical segment is greater than that in the thin tubular wood axis. It is evident that in the apex it is the E.M.F. of the cortex which dominates the electromotive phenomena.
In figure 7 this basal-apical increase in radial E.M.F. in the cortex is indicated by the larger number of + and -signs. We conclude from the preceding facts that there must exist a point at some distance below the apex where the radial E.M.F. of the wood plus cortex equals zero. 3 The facts taken as a whole show that the radial E.M.F. of the apex is subject to unusually large fluctuations in magnitude when compared to other regions of the tree. The person who likes to contemplate the adaptive features of biological mechanisms will find interesting material in the operation of the mechanism of electric correlation.
GENERAL CONSIDERATION OF THE RESULTS AND THEIR BEARING ON ENERGY TRANSFORMATION IN THE PLANT
The experiments have revealed a group of new phenomena, the consequences of which are of special interest for cell correlation and related processes. In the first place they show in an unequivocal manner that the E.M.F. which is observed when we measure the external electric polarity of the stem and branches of the tree is the algebraic result of a system of internal E.M.F.'s, the elements of which are located in two main regions, namely the cortex and wood. The experiments show that the resultants of these systems of E.M.F. 's augment one another, that is to say they operate in series like two complex systems of batteries. In general they show that an electric current flows downward in the outer cortex and upward in the wood axis. The results therefore confirm previous observations but in addition show that the cortex is the seat of a separate E.M.F. Figure 7 is presented as an approximate summary of the facts to date. To help visualize a little more accurately the direction of flow of the transverse and longitudinal components of the currents, the bipolar cambium and other bipolar origins of the E.M.F. are represented diagramatically in figure 6 by two layers of cells with a system of arrows to indicate the general direction of the correlation currents. Future experimental analysis of the distribution of correlation currents will of course be toward a description of the patterns in microscopic dimensions. In all probability these patterns will be found to correspond more or less to the complex cellular architecture of the wood and cortex in which they originate and in which their energy is being transformed and dissipated. The presence of the electrokinetic potential as the equation shows, is a sine qua non for the occurrence of electrokinetic flow, for if 5 is 0 then v=O. The second significant fact about STAMM's experiments is that the electrokinetic potential is oriented in the right direction, that is, water is electropositive to the wall of the vessel and therefore the observed inherent E.M.F. in the wood, figure 6, which now takes the place of H in the equation will of necessity tend to transport the water upward and not downward in the vessels of the wood.
With these facts in mind a few preliminary experiments were carried out on the apexes of lateral branches of the Douglas fir. The procedure was as follows. The apical part of a lateral branch was cut off about one inch below the origin of the two most distal symmetrically placed lateral shoots. Care was taken to select tips of branches in which these two lateral shoots were placed exactly opposite one another at the base of the main axis shoot. The cut basal end was dipped into a solution of eosin in water. Tap water electrode contacts were attached to the tips of the two lateral shoots. A constant electric current of a few microamperes was sent into the apex of one of the symmetrical lateral shoots and out through that of the other. The applied current therefore passed downward in one and upward in the other shoot. The current was left on usually for eight to twelve hours. During this period the solution usually ascended several em. in the wood axis.
Removal of the cortex showed that in most cases the distance to which the dye had risen in the two lateral shoots was unequal. In all the experiments showing distinct inequality the solution had penetrated to the greatest distance in that lateral shoot in which the electric current flowed from base to apex in the wood. In some of these preliminary experiments the difference was very marked while in others the result remained uncertain.
The results of these preliminary experiments are merely to be considered as suggestive. However, the results indicate agreement with the interpretation which we have presented above.
At present the phenomena are being investigated with a fuller consideration of the many factors which are involved. It is obvious that such phenomena as guttation and bleeding pressures may be the expression of the same type of mechanism.
The possible application of correlation potentials in roots (LUND and KENYON, 6) to the problem of differential absorption of ions will be considered in later papers. 
